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A B S T R A C T
Corrosion condition assessments of historic concrete structures can provide the owner
with invaluable information regarding the current condition of the structure, the factors
contributing to the corrosion damage, and can also project when the structure may exhibit
further material loss. This information is vital to be proactive in the repair process which is
imperative to minimize loss to the structure. When dealing with a highly signiﬁcant
concrete structure, the investigative team is often faced with restrictive parameters
limiting the amount of data which can be collected. This paper discusses challenges in
preserving ‘historic concrete’ and provides four case studies of predictive corrosion
condition assessments which were carried out to help in the decision making process.
 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
1.1. Survey approach
A corrosion condition evaluation of a concrete structure identiﬁes the conditions which affect the long-term behavior of
the concrete’s performance over time within its given environment. The aim is to create a lifetime model of when the
building will reach critical deterioration limit states and when the structure will require repairs. The analysis can also allow
owners to plan for service life extension and obsolesce if necessary. With historic concrete buildings, the intended design life
and desired service life are often many years apart. Historic buildings, deﬁned in the United States as being 50 years or older
(National Register of Historic Places), are almost always functioning beyond their intended service life.
A detailed corrosion condition evaluation is a signiﬁcant part of the evaluation process for aging concrete. The assessment
procedure identiﬁes deterioration factors, including physical, chemical, structural, mechanical and electrochemical damage,
to incorporate into a risk matrix.
This holistic survey approach is multifaceted with a long term view on building performance. The ﬁnal analysis includes
the use of durability models to provide an understanding of future behavior, projected time frames to reach limit states and
when the structure will see an increase in deterioration. This methodological approach allows owners to make informed
decisions on the best repair choice for the life extension of the buildings.§ This paper was presented at Concrete Solutions, the 5th International Conference on Concrete Repair. It can be found in the conference proceedings:
Michael Grantham, P.A. Muhammed Basheer, Bryan Magee, Marios Soutsos, Concrete Solutions 2014, CRC Press, 2014.
§§ All data presented within the case studies is from the authors’ site investigations.
* Corresponding author.
E-mail address: gcrevello@e2chem.com (G. Crevello).
http://dx.doi.org/10.1016/j.cscm.2014.12.005
2214-5095/ 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
Fig. 1. Rendering of the Guggenheim Museum, FLW. Credit Cohen.
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structure assessed has historical relevance in American architectural history, each is a different form of construction, and
designed by prominent American architects.
1.2. ‘‘Preserving concrete’’
Reinforced concrete revolutionized construction of the 20th century. The material is ubiquitous and was at the forefront
of modern technological advancements within the construction industry on an international platform. Structures once
recognized as innovative and new, from beautiful in form, to brutalist and offensive, are now pending landmark designation.
As concrete buildings begin to age, structures greater than 50 years old which have been deemed architecturally signiﬁcant
now require conservation (Fig. 1).
Particular challenges with historic buildings include landmark restrictions, such as minimizing interventions, preserving
historic fabric, reversibility, and replacing materials in kind. This philosophy of minimal intervention is prevalent throughout
the conservation community which is not in agreement with the general concrete repair industry. Industry professionals are
challenged when treating landmark concrete as repairs do not follow a conservation philosophy.
Architectural concrete of the modern movement comprises individual structures to planned cities. The design,
construction method, materials used and standards of workmanship employed in the creation of a concrete structure will
vary enormously according to its date of construction. All these factors will affect the durability of the structure (Macdonald,
2003). Additionally, the location, climate, will play a part in the deterioration and subsequent repair. The ephemeral nature
of the structure, the transitory attitude of the designer and the inextricable links between material, fabric, integrity and
structure will need to be considered in the repair.
Current ‘traditional repair’ methods generally conﬂict with conservation standards. The attitude of treating ‘historic’
concrete structures as unimportant and disposable is all too prevalent. The requirements to provide interventions which
may be invasive yet preserve the integrity of the structure create complex physical and philosophical challenges. The balance
of conservation, authenticity of the original fabric, code compliance and minimizing deterioration must all be addressed. The
ﬁnal aim of an intervention should be to preserve the structure for future generations while minimizing impact and not
compromising safety of the users or the stability of the structure.
Arguably the most detrimental mechanism of deterioration to concrete is corrosion of the reinforcing steel. It is not a
question of if a concrete structure will corrode; it is a question of when it will corrode.
2. Corrosion condition assessments
2.1. Testing an icon
Dealing with degradation and corrosion of concrete requires a multifaceted, holistic approach. Understanding concrete
composition, material properties, additives, aggregates, types of reinforcing steel and construction details are key factors in
the assessment. The corrosion evaluation process for historic, iconic concrete should embrace the tenets of the Secretary of
the Interior Guidelines, English Heritage, Historic Scotland or the governing conservation body of the respective country.
While standard practices outlined by the American Concrete Institute, the Corrosion Prevention Association, or the Concrete
Society provide a baseline for surveys, they do not address the sensitivity required to assess historic concrete.
‘‘The corrosion process for steel reinforced concrete can be simpliﬁed into a two-stage process namely, the ‘initiation
phase’ and the ‘propagation phase’. By deﬁnition the initiation phase is the time taken for conditions to become conducive to
corrosion and the propagation phase is the period in which the accelerated corrosion of the steel reinforcement ultimately
leads to rust staining, cracking and spalling of the cover concrete (BRE).’’ Once the structure has been evaluated and the team
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material loss, the architecture and engineering (A/E) team can determine root cause, modes of failure, time to failure, and a
proactive approach to conservation versus a reactive repair of a failure. By approaching the subject building in a manner
which looks at the overall pathology, one is required to assess the following topics while also understanding corrosion: history of construction materials,
 understanding the particular structures’ building materials,
 type of construction,
 current conditions and
 mechanisms of deterioration.
In an historic structure, data collection may be limited. Often times the removal of concrete cores or the number of
penetrations able to be made to the reinforcing steel during the test program is restricted. This provides a complex challenge
to determine condition. Therefore, while the team is able to gather site data, the degradation models allow the team to
forecast when interventions must be made.
Prior to choosing a repair option, best practices dictate that all factors of deterioration and current condition be analyzed.
2.2. Deterioration models
The models used by the authors to determine performance of the concrete are based upon the British Research
Establishment’s (BRE) ‘‘Residual Life Models for Concrete Repair’’. Chloride ingress and carbonation diffusion were utilized
throughout the evaluation process when applicable to the structure and Crack Initiation Models were used in all instances. The
authors further evaluated each structure with a customized risk matrix based on established industry thresholds. Thresholds
conducive to corrosion were critically assessed, basing loss of material property being paramount to the evaluation process.
2.3. Carbonation diffusion models
Carbonation rates generally follow parabolic kinetics where the depth of the reaction on a sample or structure is
proportional to the square root of time:
d ¼ At0:5 (1)
where d = carbonation depth, t = time and A is a constant, generally of the order 0.25–1.0 mm year0.5 (Uhlig).
Where the investigation indicated that carbonation had not yet reached the depth of reinforcing steel, carbonation
diffusion models were performed. The models were used to determine the time frame for carbonation to reach the
embedded steel in good quality, sound concrete. As carbonation also occurs along cracks, the model was not applicable to
locations where cracks, were present.
2.4. Chloride proﬁles and chloride ingress models
A model for predicting chloride ingress into concrete . . .aims at predicting the chloride proﬁle C(x, t) after a certain
exposure time t or at least the chloride content C at the depth of the reinforcement. The output is intended to be compared
with a chloride threshold level which is relevant to reinforcement corrosion (Luping et al., 2012). The model assumes
parameters which move the steel from corrosion initiation to propagation.
Chloride ingress models generally follow Fick’s second law of diffusion, forming a chloride proﬁle with depth into the
concrete:
d½Cl=dt ¼ Dcd2½Cl=dx2 (2)
where [Cl] is the chloride concentration, at depth x and time t and Dc is the diffusion coefﬁcient (usually of the order of
108 cm2 s1).
The solution to the differential equation for chlorides diffusing in from a surface is:
ðCmax  Cx;tÞðCmax  CminÞ ¼ erf ½ðxÞ=ð4DctÞ1=2
where Cmax is the surface or near surface concentration; Cx,t is the chloride concentration at depth x at time t; Cmin is the
background chloride concentration; erf is the error function.
Cmaxmust be constant which is why a near surface measurement is used, to avoid ﬂuctuations in surface levels on wetted
and dried surfaces (Uhlig).
While the four structures presented are not at an obvious risk of environmental surface chloride attack testing for
chlorides has allowed the team to determine if the structures is contaminated. Chloride proﬁles were taken from speciﬁc
depths within the concrete cores and compared to the depth of the reinforcing steel. If the proﬁles follow typical diffusion
patterns, time to reach chloride threshold at the reinforcing steel could be predicted.
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Crack initiation models or ‘‘time to cracking’’ models presume that corrosion has initiated and the structure has moved
into propagation. The models provide a time frame for micro-cracking failures. The actual corrosion rate is used and then the
rate of section loss of the steel and subsequent the time to cracking is generated. The model presumes consistent and normal
strength concrete cover without voids, porous or weak inﬁll.
This model is solely concerned with modeling the effect of corrosion related cracking on the structure after corrosion
initiation has begun.
The crack width at the surface up to 1 mm is given by:
W ¼ 0:05 þ bðX  XoÞ mm
where b = 0.01 for top cast steel and 0.0125 for bottom cast steel; X = the steel decrease due to corrosion (microns) to produce
crack width w; Xo = the steel decrease due to corrosion for crack initiation (microns) and is given byXo ¼ 83 þ 7:4c=f  22:6 fc; s p
where c = cover; f = steel width; fc,sp = tensile strength of the concrete.
From this the time to cracking can be calculated if the corrosion rate and/or loss of section can be measured, determined
or approximated. Ideally corrosion rate measurements over a period of time should be used to integrate the metal loss. For all
test programs, the authors use the highest and average corrosion rates for each location tested.
2.6. Risk matrix
The risk matrix included the results of the half-cell potential, corrosion rate, electrical resistivity, depth of cover, depth of
carbonation and percentage of chlorides by weight of cement in relation to the depth of reinforcing. The half-cell results were
addressed in relation to ASTM C876 and also assessed with a 25 mV D between adjacent readings. Additional inﬂuencing
material properties determined through laboratory analysis provided support to the concrete conditions. The categorization of
the data was correlated with high, moderate, low and negligible corrosion risk. The matrix provides a comprehensive summary of
all conditions that place the concrete structure at risk of further deterioration.
The overarching aim of the assessment is to determine: How the structure is performing.
 What are the key inﬂuences and modes of deterioration.
 What is the current condition.
 How will the structure continue to perform based on these conditions, and ﬁnally.
 What are the available repair options.
3. The New York Dock Building
3.1. History
The New York Dock Buildings (160 Imlay and 162 Imlay) are located in Red Hook, Brooklyn, and were once key
structures in the New York Dock Company’s Atlantic Terminal (Brownstoner.com, 2010). In 1912, the New York Dock
Company began building two 460  80 foot (140.2 m  24.4 m) concrete warehouses along Imlay Street, each six stories
tall. The structures were built on the waterfront, placed alongside dock facilities and a rail terminal. These structures
were one of the largest investments by the New York Dock Company at the time, and some of the largest concrete
warehouses in the region.
The structures were designed by Maynicke and Franke. Maynicke was deemed a ‘pioneer of the modern loft building’
and designed many steel frame buildings listed as New York City landmarks today. The construction of the Dock
Buildings took almost a year due to weather constraints, but was ﬁnally ﬁnished early in 1913 (Brownstoner.com, 2010).
The tenant, upon completion of 160 Imlay, was Montgomery Ward, founder of the ﬁrst mail order retail business in the
United States.
During World War I, the building became a government army base, as were many warehouses along the Brooklyn
Waterfront. After the war, in 1919, the NY Dock Company leased the warehouse to the American Can Company. New York
Dock consolidated its operations, but ceased functioning in 1983. The building has been unoccupied for decades.
Though not landmarked, the buildings represent early industrial concrete construction, were designed by a prominent New
York ﬁrm, are relatively intact, and are associated with the pioneering ﬁgure of mail order commerce whose ﬁrm supported
industrial concrete architecture. The change in use from abandoned warehouse to a deluxe mixed use 72 unit condominium
complex instigated a condition survey prior to the repair and adaptive reuse project scheduled to begin in 2014.
Fig. 2. New York Dock Building shortly after construction. ‘‘A Pictorial History of Brooklyn, 1916’’.
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160 Imlay is a reinforced concrete skeleton frame building with ﬂat slab ﬂoors. The advantages of this construction type
were ‘repetitive layout, high ceilings, and high load capacity’ (Friedman, 2010). This building typology spread rapidly after
1905 and suited numerous requirements of warehouse and factory structures. The proliferation and speed of construction
meant that the concrete warehouse is not often viewed as iconic (Fig. 2).
The construction is similar to a Hennebique system. There is dense reinforcing at the base of the beams, with diagonal tie
straps connecting upper and lower steel. The reinforcement utilized in the construction was square. The use of the concrete
frame allowed for masonry or glass inﬁll between the concrete spandrel beams and columns.
The slabs were constructed of a normal weight Portland cement concrete with no air entrainment and no supplementary
additives. The coarse aggregate was ﬁne grained natural gravel and the ﬁne gravel was a well graded siliceous natural sand
(Highbridge, 2012). The concrete was highly permeable, with high capillary porosity. Poor compaction was identiﬁed at the
base of the slabs.
The slabs were reinforced with a ¼ in. diameter steel mesh near the base of the slabs. This mesh varied in depth, from no
cover to 1½ in. (38 mm) of concrete cover, from the base up. The ground ﬂoor and roof slabs had additional square reinforcing
bars. Reinforcing in the structural elements varied in diameter (½ in. to 1 in. – 13 mm and 25 mm) and spacing, but was
consistent throughout the structure. The internal column steel radiated into the slabs, creating a ‘mushroom’ ﬂoor system at
lower levels.
3.3. Condition assessment
The New York Dock building was constructed 101 years before the survey and was maintained for the majority of the
years in service. The corrosion condition survey concentrated on the ﬂoor slabs and roof slabs for the installation of a roof-top
pool, load capacity for change of use, and where lack of weather prooﬁng led to ponding on the ﬂoor slabs.
With no weatherprooﬁng since the 1990s and with waterfront exposure, corrosion initiation had begun long ago to the
building envelope. While water had accumulated on the ﬂoor slabs, and the exterior envelope had visible losses, the majority
of the inner structure was in fair condition for such an early example of concrete construction. Approximately 5% of the
surface area was tested in-depth for corrosion rate, corrosion potential and resistivity. Of these selected test locations, the
corrosion data revealed that 40% of the area was at a high risk of corrosion based on ASTM C876, and that 32% of the corrosion
rate data was in the medium (28%) to high range (5%). Resistivity values varied greatly with readings correlating with high
rates of corrosion (9 kV cm) to low rates of corrosion (96 kV cm), averaging at 36 kV cm or at moderate risk levels
(Broomﬁeld, 1997) (Fig. 3).
The test program indicated that carbonation induced corrosion was the root cause of the corrosion condition. All cores
and in situ tests indicated that the depth of carbonation exceeded the depth of steel and was occurring from both base of the
slabs upward and the top down. Chlorides were identiﬁed in all laboratory samples tested, at very low levels, indicative of
cast in chlorides (PCA, 1922).
Holistically, the data collected suggested that there was a corrosion risk throughout the structure, even in areas where
there was little saturation and low corrosion activity. All slabs had a variation in condition, cover, and corrosion rates. The
mesh within all slabs tested fell within the carbonated zone of the concrete. Therefore, as the mesh was within the
carbonated zone it would be imperative that the structure be kept dry at all times to lessen the corrosion risk.
The building envelope is within the later stages of the corrosion deterioration process. Extensive repairs are required, and
if the building is left derelict the cost of repair will increase exponentially within 15 years. The deterioration models suggest
Fig. 3. New York Dock Building today. Note thin polystyrene sheets as weatherprooﬁng and standing water and the formation of plant growth at saturated
slab. Author’s photograph.
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fared better, had between 10 and 15 years before signiﬁcant damage would arise.
The lowest areas of corrosion activity indicated were from the roof level, where the pool is intended to be installed. It was
recommended that this design feature not introduce chlorides into the existing concrete, which would increase the risk
matrix. Based on the corrosion activity and carbonation front seen at the roof and the 6th ﬂoor (which will support the pool)
it was recommended that the design team make efforts to isolate the existing concrete from the pool basin and supporting
elements. Electrochemical repairs were not considered within the overall repair due to the lack of continuity between bars
and the variation in concrete cover.
4. The Solomon R. Guggenheim Museum
4.1. History
The Solomon R. Guggenheim Museum is arguably the most famous architectural masterpiece designed by Frank Lloyd
Wright. It is an embodiment of Wright’s philosophical and design achievements and ‘‘his attempts to render the inherent
plasticity of organic forms in architecture.’’ (Guggenheim.org). The building is located in New York City along the upper east
side of Central Park, at 88th and Park Avenue. This location was chosen to provide interaction between the building and
nature, though the realized design is very introspective.
In 1943 Wright was approached by Mr. Guggenheim and Ms. Rebay to design a building to house Guggenheim’s four year
old ‘Non-Objective Art Museum.’ The purpose was not only to showcase Guggenheims’ growing art collection but to be an
integral space from which the viewer would participate with the art. An initial design was formulated between the years of
1943–1945 and based on the helical shape seen in Wright’s contemporary work. During the next nine years the design was
restudied and reﬁned; construction began in 1956 and the building was dedicated in 1959, six months after Wrights death
(Roth, 1979).
The WASA Architect, Engineers, and Planners. Historic Preservation Approach and Project Guidelines stated, ‘‘This historic
property has retained its original use as a cultural institution for decades, and by doing so, the institution that it serves has
gained worldwide recognition for promoting the understanding of art and architecture.’’ (WASA, 2005).
4.2. Construction
Since a smooth round concrete structure of such complexity had never before been constructed Wright was challenged
through the entire construction process. The building features ‘‘a spiral ramp making six turns at an approximate grade of 3%,
stiffened by exterior webs at 308 intervals, and an inner court covered by a glass dome’’. Reinforced concrete was used
throughout, with lightweight ‘‘Lelite’’ aggregate for the superstructure.
All aspects of the concrete work were designed to eliminate cracking of all of the architectural concrete. Expansion joints
were omitted to ensure a smooth surface. Three types of concrete were used in total on the building. These included
lightweight expandable shale concrete in the ramp and ﬂoors, stone concrete at the interior walls, and the outer walls were
5 in. thick shotcrete walls, sprayed against curved plywood forms (Fig. 4).
The ﬁve-in. thick gunite walls were rigidly connected to the ramp slab and web. Original construction records indicate that
the walls are reinforced with two layers of 2  2 (50 mm) mesh, plus 2 layers of No. 3 bars at 12-in. (30 cm) centers horizontally,
plus 2 layers of No. 4 bars vertically, plus top and bottom continuous No. 4 bars – all secured to a framework of 1½-in. (38 mm)
tees which are in turn tied into the structure. The inside surfaces of these walls are furred, lathed and plastered. The outside
surfaces were smoothed after the forms were removed, but while the gunite was still green (Cohen, 1958).
Fig. 4. The Architect, Owner, and Owner’s Representative reviewing a model of the Solomon R. Guggenheim Museum. Guggenheim Foundation.
G. Crevello et al. / Case Studies in Construction Materials 2 (2015) 2–1084.3. Condition assessment
Already tasked with an established assessment approach, the corrosion condition assessment consisted of three distinct
phases: a document review of earlier corrosion related reports, a corrosion assessment at two levels the 6th Floor Rotunda,
and the 2nd Floor Tannhauser Gallery, and a polarization trial to determine the efﬁcacy of impressed current cathodic
protection (ICCP), to establish installation procedures, and to assess internal wiring logistics. The design for the ICCP work
was halted after much debate between purists and practical interventionists.
Prior to the corrosion survey, an extensive condition assessment had been performed by the A/E team. The original
protective coating (and subsequent layers) which normally graced the exterior had been removed for further investigations
of the materials, documentation, and recording of conditions. There were a number of probe openings to verify construction
details, and the interior walls had been stripped of all built out surfaces.
The document review, in situ testing, and visual veriﬁcation of conditions revealed that carbonation had diffused between
1 and 6 mm into the surface of sound concrete from the exterior and up to 17 mm from the interior face of the gunite wall.
The review revealed that corrosion had been documented along the cracks which were parallel with the reinforcing steel of
the rotunda dating back to 1989, 30 years after completion. The RH values of the gunite wall were as high as 80%, which for an
internal wall is very high. Reports up to 2006 conﬁrmed visual observation between hairline cracking, reinforcement and
minor corrosion activity.
A thorough analysis of half-cell potentials and mapping of potential gradients provided visual support of corrosion
activity. The corrosion assessment indicated that 4% of the area tested exhibited corrosion rates greater than 2.2 microns per
year. Though this is considered low to moderate (Broomﬁeld, 1997) in most structures, rates of 4 microns per year, combined
with site speciﬁc details, indicated ongoing damage within 10 years. This level of degradation is signiﬁcant based on a client’s
requirement of on-going and continued use of the space for an indeﬁnite future.
In summary the restoration campaign sought to enhance overall performance of the building envelope, provide improved
rooﬁng and weather prooﬁng, structurally strengthen the rotunda walls, reduce moisture within the exterior walls, re-coat
the entire building and understand long term performance of the structure over time.
As a result of the corrosion survey, a long-term corrosion monitoring system was installed to better understand the
performance of the structure. Fluctuations in activity have occurred, notably with seasonal changes, and at moderate to low
rates. It was noted through this system that moisture within the gunite walls varied dramatically throughout the year but
overall had decreased since the restoration was complete.
5. Pavilion on the Pond
5.1. History
Philip Johnson’s Pavilion on the Pond, built in 1962, is a unique, custom pavilion located at the edge of the pond at his
Glass House Estate located in New Canaan, Connecticut. The neighborhood is suburban, and the 47 acre estate lies on the
outskirts of the North Stamford Reservoir. The historically signiﬁcant folly is part of the National Trust for Historic
Preservation’s Glass House Estate, bequeathed to the Trust by Johnson himself. The Pavilion is just one of an ensemble of
structures which makeup the Estate and is a one of the ﬁrst structures in the United States to use the Schokbeton pre-cast
concrete system.
In a condition assessment prepared by Celleni for the National Trust of Historic Preservation (Celleni, 2009) it was stated,
‘‘Johnson wished to use his expanse of land to develop architectural ‘‘events of the landscape. . . Johnson developed two
structures on site: a fort-like pond pavilion and a sculptural climbing tower. The former, the Pavilion on the Pond, is meant to
foster a childlike spirit in both appearance and accessibility. Using his home and grounds as a canvas to test new ideas and
Fig. 5. Pavilion on the Pond. Authors photograph.
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the second half of the century. It was an experiment in form and material, a model.’’ This folly was a precursor to Johnson’s
later assemblies and inspired the Sheldon Art Gallery, Lincoln NE and New York State Theater at Lincoln Center, New York
City, home to the New York Ballet’’ (Fig. 5).
5.2. Construction
The structure is an articulated colonnade, with four rooms, and two patios. It is 6.5 foot (ca 2 m) high on the outside, with
an interior elevation of 5.3 feet. The pre-fabricated concrete arches and ziggurat roof panels were erected on a poured in
place concrete base. This base is partially submerged within the pond beyond the Glass House. The Pavilion was constructed
to have an interior pool with recessed lighting, while also concealing the pumps for the fountain located within the center of
the pond.
The original architectural drawings reference mechanical and lighting schematics but ‘no drawings can be located
detailing the pavilion’s individual pieces. However, Johnson was pleased that the contractor was able to assemble the pieces
quickly, correctly and overnight, which he deemed a success with a ‘‘very difﬁcult material’’ (Celleni, 2009). At the time of
construction, the pre-cast assembly was painted white, with gold leaf at the underside of the roof.
The precast system, called ‘‘Schokbeton’’ is a Dutch technique which used advanced machinery and vibration tables to
mix the concrete in the form work. The components of the folly were constructed by the Eastern Schokbeton Company,
located in New Jersey. The units were erected on the site, with craftsman like precision. Each column unit is a single column
with half of an arch either side of the column. When two are connected, they complete a full arch. The columns have isolated
reinforcing steel 1 in. (25 mm) in diameter; sit upon a metal plate; have ‘z’ shaped galvanized anchors between columns and
brass bolts connecting the column conﬁgurations to the ziggurat roof (Fig. 6).
5.3. Condition assessment
The corrosion survey was meant provide further evidence to the site directors that a repair campaign was imminent for
the then 50 year Pavilion. Damage has increased exponentially since an extensive condition assessment was carried out inFig. 6. Room 4 of the Pavilion, Glass House in background of hill. Authors photograph.
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active since at least this time, if not before.
Prior to the investigation, it was established that no further concrete could be removed, no petrographic analysis had been
carried out and that all testing had to be carried out at areas of exposed steel. Two columns and the base curb of the platform
at the southwest corner were able to be tested.
As this is a unique, experimental structure, any loss of material is signiﬁcant. Where the concrete was sound, crack
initiation models indicated approximately 8 years before cracking would be exhibited on the structure.
Corrosion activity was considered moderate for a structure with full exposure and no environmental shielding in
accordance with general assessments, but like the Guggenheim Museum, the activity is determined to be high in a structure
of architectural signiﬁcance. Corrosion was identiﬁed as being active at the base of the structure and was identiﬁed as being
signiﬁcantly higher at the tops of two pre-cast columns tested.
Brass and zinc connectors were in close proximity of the embedded reinforcing steel. This connection detail lies between
the roof and column capital where drainage failures caused the concrete to become saturated. The highest level of damage to
the pre-cast concrete was occurring at this location.
The excessively damp conditions caused disintegration of the parent concrete. It was recommended that the moist and
carbonated material be removed prior to repair, or repairs would presumably fail. A recommendation was made for an
immediate waterprooﬁng and a drainage solution as well as a petrographic analysis of the concrete. Removal of embedded
conduit, and a well matched concrete patching campaign could provide the client with a 20 year repair. Alternatively, and
probably an unpopular choice would be to disassemble the entire pre-cast assembly, treat within a laboratory, as an objet
d’art, and or replace full units which pose a safety risk.
6. Conclusions
Corrosion condition assessments on historic concrete icons can have challenging parameters set forth prior to
establishing testing protocols. Even though concrete is inexpensive and reproducible, the reasons for retaining as much
material as possible during the investigation and subsequent repair must be balanced with safety and an understanding of
the material conditions. An establishment of corrosion behavior can assist in understanding condition, deterioration, and
future degradation. It is imperative to know condition prior to making repair decisions which may have lasting
consequences.
Three of the four structures discussed in this paper have owners which are cognizant of the historic value of their
buildings. Though landmark status created limitations within the corrosion conditions surveys, the forethought of the A/E
team to address long-term performance was critical in determining the life cycle of the buildings. While each structure is
unique in its construction type, each structure had evidence of corrosion activity. The levels varied based on a conﬂuence of
conditions, which were identiﬁed through the investigation and testing programs.
Understanding the conditions and developing degradation models in turn helped deﬁne the urgency and levels of
intervention required for the repair. The corrosion investigations and subsequent recommendations provided the team with
not only traditional repairs choices but the evaluation of an electrochemical treatment for each structure. In all instances,
interventions which delay degradation of the historic material while keeping the parent concrete intact, thus delaying the
loss of cultural heritage, must be considered.
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